Saliva, as a matrix, offers many benefits over blood in therapeutic drug monitoring (TDM), in particular for infantile TDM. However, the accuracy of salivary TDM in infants remains an area of debate. This review explored the accuracy, applicability and advantages of using saliva TDM in infants and neonates.
Introduction
Therapeutic drug monitoring (TDM) is defined as measuring serum concentrations of a drug in a single or multiple time points in a biological matrix after a dosage [1] . It is especially useful when the relationship between drug plasma concentration and effect is stronger than between drug dosage and effect, and is vital when measuring drugs with a narrow therapeutic range [1, 2] or if concentrations resulting from a given dose are unpredictable due to high inter-/intrapatient variability [3] . Pharmacodynamics and pharmacokinetic factors such as absorption, distribution, metabolism and excretion lead to individual variability [2] . This is especially true in young children, who, for example, have a higher rate of development of these processes, which is greatest from birth to 1 month but changes also occur during infancy and again during childhood [2, [4] [5] [6] . They tend to have lower protein binding, which increases the free fraction of drugs and a less mature glomerular filtration rate [7] , which means drugs may be retained for longer in those aged <6 months, while glucuronidation may not reach adult values until age 3-6 months [5] . It is therefore not surprising that validated dosage regimens are limited in this population, with approximately 70% of drugs prescribed to children and >93% prescribed to critically ill neonates being off-label [8, 9] .
The use of serum/plasma in TDM, is well established and the most clinically used method [10, 11] . Nevertheless, extensive blood sampling in infants is not practical, or ethical due to pain, anxiety and risk of infection [12] . There are a significant number of validated matrices available for TDM in adults [11, 13, 14] ; however, these are not always appropriate for TDM in infants or neonates, for example tears, sweat and hair due to lack of availability. Table 1 reflects the available matrices for TDM in infants and outlines the advantages and disadvantages of each.
Technological advances in TDM in the past 4 decades have led to saliva testing becoming more popular in the diagnosis of diseases, disease progression and detection of drugs [15, 16] . It has become a valuable clinical method due to its noninvasive nature, no need for specialist training or equipment, patient preference and the ability to compare easily with plasma concentrations [16, 17] . This is because most compounds found in blood are also present in saliva. In infants, this method seems optimal to prevent distress and ensure patient safety [18] . If there is a consistent comparison between saliva and plasma, and if the biological response to the drug is proportionate to its plasma concentration, then salivary concentrations may provide a valuable measurement of TDM.
Several studies have been conducted in adults in regard to saliva TDM, with it being a proven accurate method in relation to many drugs including artemisinin [19] , digoxin [20] , lamotrigine [21] and a number of other antiepileptic drugs [22] . However, these reference ranges do not automatically transfer to infants, and the accuracy of salivary TDM in infants is still an area of debate [23, 24] , with confusion between collection methods and simulation vs. no stimulation.
The number of studies looking at TDM involving infants is low, primarily due to poor consent rates, limited blood availability, low volume drug concentration assays and a lack of expertise in this area [25] . Studies in paediatrics are usually disease orientated and expensive, as drug companies are unable to recover costs in this limited population [26] . Consequently, there is a need for novel and accurate study designs that reduce these barriers: saliva TDM may meet these requirements.
This review aims to explore the accuracy, applicability and advantages of using saliva TDM in infants and neonates.
Methods
The review question was defined using PICO as follows: P: infants and neonates being treated with any medication. An infant is defined by Medline as a child aged between 1 and 23 months [27] and a neonate as an infant during the first 28 days after birth. For the purpose of this review, the term infant has been used to include all those aged <24 months. I: salivary TDM vs. C: traditional methods and O: accuracy, advantages/disadvantages and applicability to practice.
Search methods for identification of studies
A search strategy was defined with the help of the subject librarian and was adapted according to each database. Five databases: Medline, Embase, CINAHL, PubMed and Scopus were searched, along with The Cochrane Library and Google Scholar up to and including September 2016. There were 321 potential studies, following removal of duplicates and screening by two members of the research team by title and abstract, 24 were eligible for full paper review. In all cases the primary sources were used unless no subsequent peer reviewed article was published. Review articles of importance were reviewed. The search terms used in Medline are detailed in Figure 1 . The search terms used included therapeutic drug monitoring, saliva*, infant and their numerous variations. We also scrutinized reference lists for those which met the criteria.
The saliva/plasma concentration ratio (S/P) is a very useful parameter when assessing drugs contained in the saliva. This ratio is determined by a number of physiological factors that affect the passage of drug from blood to saliva. These include the pH of the oral fluid and plasma, the saliva flow rate and the pathophysiology of the oral cavity [28] . With the exception of salivary pH, most of these remain constant. The primary drug properties that also play a key role in the passage of drugs into saliva include the acid dissociation constant (pKa) of the drug, its molecular weight, spatial configuration and lipid solubility of the analyte, and degree of protein binding in plasma and saliva [15] . Once identified, compounds were assessed by their physicochemical and pharmacokinetic properties, as well as published quantitative saliva monitoring data.
Results
Thirteen different compounds were considered suitable for inclusion in this review. The compounds chosen were categorized as being acidic (n = 4), basic (n = 3) or neutral (n = 6). In the case of an amphoteric compound, such as morphine, it was included in the category to which it has the highest ionization potential, in this case basic. Acidic compounds were deemed to have a pKa ≤ 10, and basic compounds were considered as having a pKa ≥ 4.0. Any pKa value outside of this range (whether acidic or basic) would not be substantially affected by the physiological pH range of saliva (≤0.1% ionized) and was thereby categorized as neutral. Table 2 displays the compounds assessed in this review and includes the chemical structure, indications and both the physicochemical and pharmacokinetic parameters. • Minimal sample preparation and storage
• Minimal expense
• Routine sampling done
• High compliance
• High accuracy in sample collection
• Thought to be stable for most drugs at room temperature
• Less invasive than venous puncture
• Smaller blood volume required
• Home monitoring potential
• Invasive
• Painful
• Very small blood volume obtained
• Restricting timing if kept in line with routine sampling
• Training required 
Faeces/ meconium
• Relies on excretion of drugs into bile, which then accumulates in meconium
• Can detect substances which have a short half-life in blood which can prove maternal drug use from 16 weeks' gestation.
• Meconium offers a larger window of exposure than urine [1, 26] As the various authors have described the correlation between the experimental blood plasma levels of a compound and that of saliva levels in different manners, for the purpose of this review, the correlation R value has been categorized as either excellent, very good, good, fair or poor. Tables 3-5 summarize the information on each of the 13 compounds.
Acidic compounds (pKa ≤ 10)
Four acidic compounds have previously been studied for saliva content in infants (Table 2 ) with the pKa ranging from digoxin (7.15) to theophylline (8.81) . The individual compounds are discussed below and detailed in Table 3 .
Theophylline
Five studies were included in this review on TDM of theophylline in infants [23, [29] [30] [31] [32] . Of these studies, four were deemed to have excellent correlation [29] [30] [31] [32] (R = 0.97, P < 0.01). Of these four studies, two used stimulation to enhance saliva collection, one did not use stimulation and the other collected both stimulated and unstimulated saliva for comparison. There was no difference in correlation in any of these studies by the introduction of stimulation to increase saliva production.
The earliest study to be included for the monitoring of theophylline was published in 1980 by Khanna et al. [23] assessing 10 premature neonates. This was the only study to conclude only a fair correlation between the blood and saliva monitoring. In contrast to the Toback et al. [29] study, just 3 years later Khanna et al. [23] reported a correlation value as low as 0.7 compared to Toback's 0.98. Both studies were similar in their use of high-pressure liquid chromatography (HPLC) for analysis, no stimulation, a similar time period for sample collection following intravenous (IV) administration and assessed a similar number of premature neonates. The only difference appears to be storage method, with the Khanna et al. [23] study freezing samples until analysis (no further details given) whereas the Toback study either stored samples at 4°C for 48 h or analysed immediately.
The method chosen for analysis (Table 3 ) also varied between the five studies. In the most recent study (2007) by Chereches-Panta et al. [32] , assessing 13 infants, gas chromatography-mass spectroscopy (MS) was used. MS was used in the 2001 study by Culea et al. [31] with 13 neonates whereas the enzyme multiplied immunoassay technique (EMIT) was used in the 1990 study by Siegel et al. [30] with 31 children and HPLC by Toback et al. [29] in 1983 and Khanna et al. in 1980 [23] .
One further point of interest when comparing these five studies, is that only four describe the S/P ratio, which varies significantly between the studies, ranging from 0.69 [32] to 1.53 [31] . When considering theophylline, overall stimulated saliva sampling is thought to be an accurate method of TDM, while treating levels >8 μg/ml with caution [30] and consideration needs to be given to the higher S/P theophylline concentration ratio in neonates as compared to children and adults. The S/P ratio of 1.24 in Khanna et al.'s study [23] was similar to the observations of others [33, 34] , while Toback et al. [29] suggest the ratio to be closer to 1. Also, that found by Culea et al. [31] is low, although they found the ratio to be higher in the infants than children. The lower correlations with unstimulated saliva which were seen by Siegel et al. [30] were thought to be due to greater variability in the theophylline saliva concentration due to changes in flow rates and pH. However, it has been determined that the secretion of theophylline is not influenced by these factors [32, 33, 35, 36] . The difference seen between the populations could be due to differences in protein binding in these groups, but this requires further exploration. It has, however, been suggested that neonates have minimal protein binding of theophylline [37] and that proteins in this group generally differ from those found in children and adults [38, 39] . In addition, high
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Medline search strategy Table 2 Compounds for infant and neonate therapeutic drug monitoring in saliva with chemical and biological data EMIT, enzyme multiplied immunoassay technique; FPIA, fluorescence polarization immunoassay; GC, gas chromatography; GLC, gas-liquid chromatography; HPLC, high-pressure liquid chromatography; IV, intravenous; MS, mass spectrometry; N/A, not applicable; RIA, radioimmunoassay Table 4 Basic drugs assessed for salivary therapeutic drug monitoring in infants [60] [40] . With the exception of the 1980 study [23] , all were in agreement that theophylline shows excellent correlation between blood and saliva, regardless of whether stimulation is used and independent on analytical method indicating that saliva TDM is useful for this compound.
Phenytoin
There were four studies published assessing phenytoin in infant and children's saliva included in this article. The studies all took place in the last century; 1975 [41] , 1981 [42, 43] and 1990 [44] . The correlation seen between the samples and indeed between the different studies was excellent-very good. Similar to the theophylline study a range of different analytical methods was employed to quantify the samples. In 1981 [42] , a large study was carried out using two different assay methods, gas-liquid chromatography (GLC) and EMIT, assessing 202 children between the ages of 5 months and 18 years. It reported that the GLC assay had very good correlation (R = 0.94) whereas EMIT was not as good (R = 0.86). They also describe better correlation with fresh compared to frozen samples.
In the most recent study on phenytoin (1990) by Lifschitz et al. [44] , 16 children and infants taking oral phenytoin were studied. Stimulated saliva and blood were analysed by fluorescence polarization immunoassay (FPIA) and the correlation between blood and saliva described as excellent (R = 0.99). When comparing the S/P ratio for all four studies, they are in close agreement to one another, with an average value of 0.11 ± 0.013.
Phenytoin in adults and older children has shown wide individual and marked interpatient variability, including age-dependent metabolism [45] , although it has a welldocumented S/P ratio between 0.10-0.12 [22, 41, [46] [47] [48] [49] , which agrees with all of these studies [41, 42] . All studies showed high correlations, meaning TDM using saliva is an accurate method for phenytoin; however, as there is a wide interpatient metabolism associated with it, lack of correlation between drug dose and concentration needs consideration. The use of stimulated/unstimulated saliva seems to have little effect on correlation and researchers should use EMIT with caution.
Phenobarbital
Four published studies are included in this review [41] [42] [43] 50] . Each of these studies assessed phenobarbital in saliva in infants combined with that of other anticonvulsants such as phenytoin, as described above. The correlation of saliva to blood varied significantly between studies, ranging from excellent as described by Cook et al. [41] , where unstimulated saliva and plasma were analysed by radioimmunoassay (R = 0.98, P < 0.001) in a study assessing 38 patients aged between 8 months and 62 years. In stark contrast to this, the 1981 study described by Mucklow et al. [43] assessing 19 infants, was completely unable to identify a linear relationship between dosage and saliva concentration for phenobarbital. Goldsmith and Ouvrier [42] found a very good correlation in 15 infants with a S/P ratio = 0.32 ± 0.06 and no significant difference was seen between the different age groups studied. For the GLC assay, the correlation was very good (R = 0.94) and the EMIT was similar (R = 0.92). A later study by Gorodischer et al. in 1997 [50] studied stimulated saliva and plasma, which were analysed by HPLC, and found the correlation coefficient to be poor (R = 0.65). However, those older than 8 years had a higher correlation (R = 0.93). It has been suggested that salivary excretion of phenobarbital is regulated differently in older and younger children. A study by Knotts reported an excellent correlation (R = 0.95) in older children [51] .
The S/P ratio was given in three of the four studies, and found to be in good agreement with one another, with an average ratio of 0.28 ± 0.06. The S/P ratio described by Cook et al. [41] and Goldsmith et al. [42] is similar to that found in adults, which varied between 0.30 and 0.37 [41, 46-49, 52, 53] .
Therefore, salivary TDM of phenobarbital has the potential to be an accurate method in infants. However, the age of the patient must be considered, as well as the use of stimulation. In the two studies which displayed the best correlation, neither used any method of saliva stimulation.
Digoxin
In the three studies including digoxin, the correlation varies from good [24, 54] to fair [55] . As seen in the 1998 study by Berkovitch et al. [24] good correlation (R = 0.87) in 11 children (nine of whom were infants) receiving oral digoxin was presented. Plasma and saliva was analysed using FPIA. A further study in 2003 by Zalzstein et al. [54] also showed a good correlation (R = 0.83, P < 0.01) between stimulated saliva and serum in 18 children (again nine of whom were infants) receiving oral digoxin. The samples were also analysed using FPIA; however, variability existed in individual S/P concentration ratios. Low plasma concentrations correlated with negligible or undetectable saliva concentrations. No plasma levels were above the agreed toxic limit of 2 ng ml -1 ; however, one saliva sample was deemed toxic, without the plasma following suit. In three saliva samples, the digoxin concentration was not detectable even though the plasma levels were within therapeutic range. An earlier study by Krivoy et al. conducted in 1981 [55] compared plasma with unstimulated saliva using the radioimmunoassay digoxin kit. An S/P ratio of 0.66 ± 0.20 and a fair correlation coefficient (R = 0.71, P < 0.001) was noted, however, it showed a wide range in the ratios. The S/P ratios quoted are vastly different in the two studies that present them. Digoxin is an acidic drug with a pKa of 7.15, meaning that % ionization will vary significantly with small changes in physiological pH. An increase in pH from 6 to 7 will see the % of digoxin ionized increase from 6.6 to 41.45%. Krivoy et al. [55] stated that saliva was an accurate method of TDM; however, the poor correlation coefficient does not reflect this. In contrast, Berkovitch et al. [24] reported a much higher correlation and stated that it was not a reliable method. They thought it was possible that digoxin did not enter saliva by diffusion alone, but also by active secretion and that there was a possibility of endogenous digoxin-like substances present in the saliva [6] . Krivoy et al. [55] found similar correlations to Berkovitch et al. [24] , showing that the stimulation of saliva yields better correlation, yet further studies will need conducted to determine if, as in adults, TDM using saliva is an accurate method in infants when no stimulation is used. There is also a need for a standardized method of sample collection, storage and analysis before a ratio can be accurately determined as high variability is demonstrated in these studies.
Basic compounds (pKa ≥ 4)
Three basic compounds have previously been studied for saliva content in infants (Table 2 ) with the pKa ranging from gentamicin (10.18) to lamotrigine (5.87). The individual compounds are discussed below. Unlike with the acidic compounds where each compound had more than two studies to allow comparison, the number of infant studies for TDM in basic drugs is much more limited with only four studies in total for the three compounds (Table 4) .
Gentamicin
Only one study satisfied conditions for inclusion in this review. In the 2000 study by Berkovitch et al. [56] , serum and stimulated saliva in 10 infants were analysed using FPIA. A good correlation was noticed in once daily dosing patients (R = 0.89, P < 0.0001) but no S/P ratio was determined. Gentamicin is a hydrophilic drug and with a pKa of 10.18 and will therefore be positively charged at physiological pH [56] , hence, although it is only weakly protein bound, it would be expected that it does not appear in saliva as Mahmod et al. [57] states. Berkovitch et al. [24] did find levels in saliva, although, as they found no correlation when the dose was three times a day, it was thought that it must take longer for the ionized molecules to enter and equilibrate with saliva and hence once-daily dosing allows such a time lag as the measurements are taken 24 h after dosing. This study suggests that it is a valid and accurate method to monitor trough levels in infants on a once daily dosing regimen; however, the lack of studies on this drug leave the results unreliable and more studies need to be conducted before an accurate representation of the S/P ratio can be determined.
Morphine
In one 1997 study by Kopecky et al. [58] , 15 children receiving IV infusions of morphine were analysed using a solid phase serum morphine radioimmunoassay. The S/P ratio was 2.28 ± 2.84. There was no correlation between saliva and plasma (R = 0.04, P = 0.89). As citric acid decreases the salivary pH, the authors examined the analytical effect of different pH values on the morphine concentrations in saliva across a pH range of 3.96-8.06 and reported no difference in assay performance. This study would suggest that determination of morphine levels from saliva cannot be used as a quantitative tool to predict serum concentrations, although further studies are required to confirm these findings.
Lamotrigine
Two studies for lamotrigine were found and included in this review. In 2003 Ryan et al. [59] studied unstimulated saliva and serum using HPLC-UV analysis. The correlations were tested over two laboratories (R = 0.81 and R = 0.86). The S/P ratio was 0.62 ± 0.19. They found the correlation to be excellent in children (R = 0.94) and that the S/P ratio was less (0.56) than in adults; however, these values was based on only one infant.
In a later study (2005) conducted by Malone et al. [60] stimulated and unstimulated saliva along with serum were studied in an adult group and in 20 children (1-16 years) using HPLC analysis. The data in adults showed that within the first 2 h following oral administration, the results had a wide scatter, after exclusion of these the results they showed an excellent correlation (R = 0.9841, P < 0.0001; n = 98). The S/P ratio was lower in the adults than children (41.7 ± 7.07% for unstimulated saliva vs. 42.1 ± 6.52% for stimulated). In children the ratio was 47.6 ± 7.2% and 46.7 ± 6.2%. There was a close correlation between the concentrations of lamotrigine in stimulated and unstimulated saliva, with the mean S/P ratio = 0.49. As plasma lamotrigine concentrations increased from 1 mg l -1 to 10 mg l -1 , the mean S/P ratio changed from 41.8% to 48.8% indicating that lamotrigine ratios are concentration dependent. They believe this to be due to plasma protein binding reaching saturation. Saliva TDM of lamotrigine can be an accurate and reliable method, although it must be ensured that no oral contamination occurs [59] .
Neutral compounds
Six neutral compounds have been included in this review. They have been classified as neutral if they have no ionizable functionality or if their pKa value is such that a unit change in physiological pH would have less than a 0.1 variation in % ionization, Table 2 . This is further classified as a basic pKa <4 and an acidic pKa >10. The individual compounds are discussed below with detailed criteria presented in Table 5 .
Busulfan
The one study included in this article suggests that TDM of busulfan in unstimulated saliva is a valid alternative to plasma sampling in infants with excellent correlation (R = 0.958) [61] . Rauh et al. [61] demonstrated that busulfan in saliva was stable for up to 48 h at 4°C (concentration decrease <5%). Analysis was conducted using LC-MS/MS also allowing for high output sample analysis. The S/P ratio was 1.09. Their saliva collection method, however, would not be suitable for all infants as some do not actually take a pacifier. The excellent linear regression makes this drug look ideal for TDM using salivary samples in this population; however, only one infant was involved in the study conducted with 10 children and therefore further work is required to support the findings.
Fluconazole
One study has been conducted on fluconazole TDM using unstimulated saliva compared with serum in paediatric patients [62] . The study involved 19 children, 10 of which were infants, and analysis was again by LC-MS/MS. The correlation was excellent (R = 0.96, P < 0.1) and the S/P ratio was 1.0. Van der Elst et al. [62] describes how at high concentrations of fluconazole, the amount in saliva was less than in serum, suggesting saturation in oral fluid. The S/P drug concentration ratio did not significantly differ in patients receiving oral treatment vs. IV (P = 0.791).
Salivary fluconazole was shown to be stable for 17 days at room temperature giving more evidence to the potential for home monitoring [62] .
Caffeine
Together with theophylline, caffeine had the highest number of studies included in this systematic review, with each compound having five studies on TDM using saliva in infants. The largest of these studies was carried out in 2001 by De Wildt et al. [63] ; 140 premature neonates were given IV caffeine. Their saliva was stimulated immediately before collection, 5-10 min before collection and unstimulated saliva was also collected. Plasma and saliva were analysed using HPLC with UV detection. The unstimulated and stimulated immediately before the collection groups were not well correlated. The citric acid stimulated 5-10 min before collection had the strongest correlation (R = 0.89) with little variability. In conclusion, they determined that the S/P ratio was 0.7 and that this method was reproducible and feasible when saliva was stimulated 5-10 min before collection. An earlier study was conducted by Khanna et al. [23] on seven premature infants who received caffeine via an orogastric tube. Serum and unstimulated saliva was analysed using straight phase HPLC. A good correlation (R = 0.84 ± 2.8 μg ml -1 ) was seen.
The P/S ratio was determined at 1.40, however if we consider the S/P ratio, which has been quoted in the majority of other articles, then it is identical to that given by De Wildt at 0.7. In this study, total methylxantine concentration was also measured as caffeine can convert to theophylline and vice versa [64] . In this case, R = 0.81 ± 3.3 μg ml -1 . With the exception of one patient, when the total concentration in saliva was <8 μg ml -1 , the total in serum did not exceed 15 μg ml -1 .
In contrast to this and in a much later study, Lee et al. [65] administered IV caffeine over 7 days to 59 premature neonates. Unstimulated saliva was compared with serum using HPLC analysis. They used the assessment of precision and bias between two methods and determined that there was no significant difference in precision between the serum and salivary data. They concluded that saliva can be used instead of serum to monitor caffeine at practically any concentration even in high maintenance doses of 30 mg kg -1 day -1 .
A study by Chioukh et al. [66] , demonstrated that saliva caffeine levels were comparable to plasma in 13 infants receiving IV caffeine. The trough caffeine levels were determined from saliva and serum and analysed by EMIT with a fair correlation (R = 0.76). The most recent study for TDM of caffeine in infants was published in 2016 by Dobson et al. [67] . This study included 29 premature neonates. Plasma and unstimulated saliva were analysed by HPLC. They showed good correlation between the salivary and plasma caffeine concentrations over different doses (R = 0.87, P < 0.001).
When considering caffeine, the use of saliva for TDM has been shown to have conflicting results and with major differences in collection methods, use of stimulation and different statistical analysis, it is difficult to determine the usefulness of saliva as a method of TDM for caffeine. In theory this should be an accurate method and if a more robust collection and analysis method is determined, could prove to be a very useful in this patient group. Lee et al. [65] suggested that the transport of caffeine from blood to saliva is independent of concentration, meaning that it is likely that free caffeine enters salivary ducts by passive diffusion and not via capacitylimited active transport processes that other drugs may use. De Wilt et al. [63] found the unstimulated and stimulated immediately before the collection groups were not well correlated, and it was noted that in more than half of the samples, <50 μl of saliva was collected, which may have been a contributing factor to the weak correlation and wide variability. Also, applying the citric acid 5 min before collection prevented dilution of the sample by citric acid.
Carbamazepine
Three studies on carbamazepine are included in this review. The earliest of these was published in 1981 by Goldsmith et al. [42] , who collected unstimulated saliva and plasma from 202 children (15 of which were infants) and analysed it using GLC and EMIT. They found that there was better correlation with fresh samples compared to frozen ones. A good correlation was found in the 15 infants with an S/P ratio of 0.26 and no significant difference was seen between the age groups. For the GLC assay the correlation was excellent (R = 0.91) and the EMIT was not as significant (R = 0.83).
In a later study by Gorodischer et al. (1997) [50] , 85 children were studied. They collected stimulated saliva and plasma and analysed them by HPLC. Good correlation was seen (R = 0.84, P < 0.001), which was similar to that seen in the EMIT assay by Goldsmith.
Chee et al. published a study in 1993 [68] where they compared carbamazepine and its active metabolite carbamazepine-10,11-epoxide levels in plasma and unstimulated saliva samples in 39 children. Analysis was conducted using HPLC. Both carbamazepine and carbamazepine-10,11-epoxide concentrations had excellent correlation (R = 0.99 and 0.98 respectively) and storage in a domestic freezer for 1 month had no significant effect on correlation. They believed that no oral contamination occurred despite not rinsing the participants' mouths with water. The S/P ratio was only provided by Goldsmith et al. [42] as 0.26; it was not quoted in the other studies.
Salivary concentrations of carbamazepine have been shown to correlate significantly with plasma total and unbound concentrations in children [22, 53, 69, 70] and in adults [71] [72] [73] [74] ; however, ratios have been seen to vary widely 0.24-0.37 [22, 46, 49, 74, 75] . The ratio from Goldsmith et al. [42] agrees well with three of these studies, two of which [70, 76] were conducted in children. Rylance et al. [76] found that even though a patient is in so called steady state, carbamazepine levels in saliva may change by 100% during the course of the day, probably due to its short half-life in children, which also helps explain the wide variety of ratios seen in studies. Furthermore, EMIT analysis may have a cross reaction with carbamazepine-10,11 epoxide as mentioned by Bartels et al. [70] , which may explain the lower correlation seen in Goldsmith et al.'s study [42] . Overall, unstimulated saliva in infants was shown to yield better correlations and a standardization of techniques and assay methods is needed to confirm these findings.
Oxcarbazepine
Oxcarbazepine (OXC) is rapidly reduced to its pharmacologically active metabolite, monohydroxy derivative (MHD). In a recent study (2016) conducted by Rui-Rui et al. [77] , the unstimulated saliva and plasma MHD concentrations in 47 children (seven of whom were infants) were compared using HPLC analysis. There was a very good correlation between saliva and plasma concentrations (R = 0.908) with the S/P ratio being 0.71. There was no significant correlation with patient age or sex and there was no significant difference with age, OXC daily dose, plasma and saliva MHD concentrations and S/P ratio when OXC was given in conjunction with other AEDs. No other studies on oxcarbazepine are included in this review.
Primidone
In the 1981 study by Goldsmith et al. [42] unstimulated saliva and plasma were collected from 202 children and analysed using GLC and EMIT. The S/P ratio was 1.04 for gas chromatography and 0.95 for EMIT. No significant difference was seen between the age groups studied. For the GLC assay the correlation was very good (R = 0.94) and the EMIT was excellent (R = 0.98), this same study analysed the concentrations of carbamazepine, and found the opposite trend with analysis methods, in that the GLC was considered to be the better method for carbamazepine. This corresponds well to adult studies describing the S/P ratios between 0.75-1.08 [28, 46, 47, 78] .The authors felt the very short half-life of primidone may have contributed to the greater variation in S/P ratio. However, this single study is too limited to give an accurate representation of the accuracy of saliva TDM for primidone in infants, further studies looking into the use of stimulation and collection methods are required.
Discussion
There is a significant amount of evidence available to suggest that saliva is indeed a useful matrix for TDM in infants (Tables 4-6 ). Figure 2 displays the average R value achieved from each of the 13 compounds analysed. Morphine was the only compound to show negligible correlation between blood and saliva samples, with all twelve remaining compounds displaying at least good correlation between saliva and plasma (R > 0.8). In general, the neutral compounds displayed the best correlation between saliva and plasma concentrations with three neutral compounds (busulfan, fluconazole and primidone) displaying an R value of >0.95. Acidic drugs also displayed very good correlation, in particular weakly acidic drugs with a pKa > 8.3. It is perhaps not surprising that the neutral and very weakly acidic compounds perform better for saliva TDM as derivations in saliva pH would have no effect on the % ionization of the compounds. There is less evidence available regarding basic compounds for this method of analysis. However, of the three compounds included in this review, they display a lower correlation value when compared to either the acidic or neutral compounds. Of those compounds studied, only one basic compound, lamotrigine, had a pKa less affected by physiological pH (pKa 5.87), which would be predominately unionised at physiological pH. Lamotrigine gave excellent potential for saliva TDM (Figure 2) . Analysis of the physicochemical parameters for the compounds suggests that both protein binding and logP had little effect on the correlation. Some highly protein bound compounds such as phenytoin (90% protein bound) displayed a reduced S/P ratio (0.1) and displayed excellent correlation; likewise, primidone, which is 70% protein bound did not have a reduced S/P ratio (1.1) and still recorded excellent correlation. Additionally, fluconazole with a relatively low protein binding (30%) has an S/P ratio of 1. Compounds with a pKa within physiological range, i.e. acidic drugs with a pKa < 7.2 or basic drugs with a pKa > 6 had less correlation, probably due to variation in % ionization with variation in saliva pH. The most variation in correlation between different studies of the same compound was seen from those compounds with a pKa close to 7 (digoxin pKa 7.15 and phenobarbital pKa 7.3) where correlation ranged from excellent to poor (Tables 4-6 ), suggesting that the pH of saliva is significantly affecting the reliability of these compounds for analysis via this method. When
Figure 2
Comparison of mean R values for the 13 compounds assessed considering a compound for this type of TDM, the physicochemical properties of the drug must be considered and, where possible, any compound with a pKa within physiological range should be considered with extra care.
When considering the method for analysis, a wide range of techniques is available. Some of the assay methods have been validated, but many are out dated and more accurate options now available. Method of analysis significantly affects the correlation and, in particular, compounds with limited absorbance extinction coefficients. LC-MS/MS displayed excellent correlation on a wide range of compounds with impressive limits of detection.
With regard to the method used for the extraction of saliva, there have been many collection methods tried, and, although spitting into a container seems to be the easiest method in adults and children, this is not practical for infants. When considering infants, it is thought that wiping the mouth with sterile gauze and rinsing with 5 ml of sterile water and waiting for 5 min helps to reduce the risk of contamination [79] from either oral medication or mother's milk. Some research has shown that turning the infant onto their side to let the saliva pool in the cheek was the easiest method of collection [79] . Other authors have extracted the saliva from under the tongue and have collected it using various devices such as pipettes [77] , mucous extractors [18] , adapted pacifiers [61] , suction devices [23, 62] and more recently Salivettes/salimetrics collection devices [67] .
There are advantages and disadvantages associated with all these collection devices: pipettes have limitations due to saliva viscosity; the adapted pacifier is not applicable to all infants; and suction devices are more troublesome than the other methods. The Salivette collection device has been specifically designed for the purpose and consists of a cotton swab, which is placed in the mouth until saturated, and is then placed into its container where the fluid can be collected. The only disadvantage recorded for this collection method is that some drugs may adsorb onto the cotton swab [80] . Despite this, it remains suitable for most drugs.
The type of collecting tube also needs to be taken into account when beginning a saliva collection. Studies have shown that tubes containing serum separator gels can significantly affect the determination of some drugs such as phenytoin [81, 82] or ribavirin [83] . Therefore, it is strongly recommended to evaluate the matrix effect of collecting tubes [3] . Once collected, the majority of the samples that we considered were frozen at -20°C before analysis with no detrimental effect. One study [42] reported better correlation with fresh samples compared with frozen; however, there was insufficient evidence to conclude that this is the case for the majority of compounds. Finally, the question of whether to stimulate saliva production when collecting the samples also needs addressed prior to creating a reliable reproducible method. From the compounds studied, stimulation had limited effect on those drugs with excellent correlation. This is probably due to the method of stimulation using critic acid, and thereby lowering saliva pH further and not affecting % ionization of the weakly acidic or neutral drugs. Stimulation displayed a varied effect overall on the compounds, with no apparent correlation with chemical properties, and therefore should only be considered if necessary.
In conclusion, there is significant potential for infantile saliva testing, and in particular for neutral and weakly acidic compounds.
